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Abstract
Rice stripe virus (RSV) often causes severe rice yield loss in temperate regions of East Asia.  Although the correlation 
of small interfering RNAs (siRNAs) with transgenic virus resistance of plants using RNA interference (RNAi) is known 
for decades, no systematical research has been done on the profiling of siRNAs from a genomic scale.  Our research is 
aiming to systematically study the RNAi impact in RSV-resistant transgenic rice, which was generated by introducing an 
inverted repeat construct that targets RSV nucleocapsid protein (NCP) gene.  In this paper, three independent RSV-re-
sistant transgenic rice lines were generated, their stable integration of the T-DNA fragment and the expression of siRNAs 
were confirmed by Southern blotting and Northern blotting analyses, and the majority of siRNAs were in lengths of 21, 22, 
and 24 nucleotides (nt), which have validated a connection between the presence of the RSV NCP homologous siRNAs 
and the RSV resistance in those transgenic rice lines.  In one of these transgenic lines (T4-B1), the T-DNA fragment was 
found to have been inserted at chromosome 1 of the rice genome, substituting the rice genome fragment from 32 158 773 
to 32 158 787 nt.  Bioinformatics analysis of small RNA-Seq data on the T4-B1 line also confirmed the large population of 
NCP-derived siRNAs in transgenic plants, and the RSV-infected library (T4-B1-V) possessed more siRNAs than its mock 
inoculated libraries (T4-B1-VF), these results indicating the inverted repeat construct and RSV could introduce abundance 
of siRNAs in transgenic rice.  Moreover, a varied expression level of specific siRNAs was found among different segments 
of the NCP gene template, about 47% of NCP-derived siRNAs reads aligned with the fragment from 594 to 832 nt (239 nt 
in length) in NCP gene (969 nt in length) in the T4-B1-V, indicating a potential usage of hotspot regions for RNAi silencing 
in future research.  In conclusion, as the first study to address the siRNA profile in RSV-resistant transgenic plant using next 
generation sequencing (NGS) technique, we confirmed that the massive abundance of siRNA derived from the inverted 
repeat of NCP is the major reason for RSV-resistance.
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1. Introduction
As one of the most devastating rice diseases in the world, 
rice stripe disease (RSD) is prevalent in temperate and 
subtropical regions including China, Japan and Korea. 
Infected rice normally exhibit chlorotic stripes and grey 
necrotic streaks on the central leaf as disease symptoms 
and subsequently die if infection starts at an early age 
(Wei et al. 2009).  RSD is caused by the Rice stripe virus 
(RSV), which is normally transmitted by the small brown 
planthopper (Laodelphax striatellus Fallen) (Huo et al. 2014; 
Liu et al. 2015).  As a member of the genus Tenuivirus, the 
RSV genome is composed of four single-stranded RNAs, 
designated as RNA 1, 2, 3 and 4 in the order of decreasing 
molecular mass (Sasaya et al. 2014).  Those four RNAs en-
code a total of 7 proteins in an ambisense coding strategy.  It 
is also important to note that the viral complementary sense 
RNA 3 encodes the nucleocapsid protein (NCP) and the viral 
complementary RNA 4 encodes the special disease protein 
(SP), which were suggested to be relevant to pathogenicity 
(Toriyama et al. 1994).
To avoid viral infection, different approaches have been 
adopted for crop production including decreasing pathogen 
vector (insect) populations, adjusting transplanting time, 
appropriate cultivation practices and the use of virus resis-
tant rice varieties (Zheng et al. 2013).  However, planting 
disease-resistant cultivars is considered the most economic, 
effective and environment friendly way to control rice viral 
diseases.  Some genes, such as Stvb and STV11 derived 
from indica cultivars, have been used to develop RSV 
resistance japonica cultivars (Hayano-Saito et al. 2000; 
Wang et al. 2014).  Alternatively, transgenic approaches 
have been successfully employed to produce viral resistant 
transgenic plants based on the concept of pathogen derived 
resistance, which is generally divided into two categories: 
protein-mediated resistance and RNA-mediated resistance 
(Prins et al. 2008).  As for protein-mediated resistance, 
transgenic plants were genetically engineered to express 
a variety of viral-proteins, including coat proteins (Schwach 
et al. 2004), replicases (Wintermantel et al. 2000), and de-
fective movement proteins (Ares et al. 1998).  However pro-
tein-mediated resistance only confers moderate resistance 
and the underlying mechanism is not yet clearly understood 
(Prins et al. 2003).  On the other hand, RNA-mediated resis-
tance, also known as a result of RNA interference (RNAi), 
becomes a more popular strategy for engineering transgenic 
plants with strong resistance against viruses (Mansoor et al. 
2006).  To date, RNAi is a sequence-specific gene-silencing 
mechanism triggered by double-stranded RNAs (dsRNAs). 
In the process of RNAi, dsRNAs are firstly diced into small 
interfering RNAs (siRNAs) of 21 to 24 nucleotides (nt) in 
length by DICER-like enzymes.  Mature siRNAs are then 
incorporated into the RNA-induced silencing complex 
to trigger the degradation or translational repression of 
mRNA targets in a base-complementary manner (Jinek 
et al. 2009; Siomi et al. 2009).  Accordingly, the expressed 
siRNAs derived from transgenic inverted repeats execute 
RNA silencing against homologous infecting viruses in 
host plants (Nicola-Negri et al. 2005; Fuentes et al. 2006). 
Upon that, many RNA-mediated RSV resistant rice plants 
targeting partial or full length of NCP gene were obtained 
(Ma et al. 2011; Shimizu et al. 2011; Park et al. 2012).  As 
described, these transgenic plants displayed varying levels 
of viral resistance over generations and the expression of 
RSV NCP gene induced siRNAs were correlated with RSV 
resistance.  However, the underlying mechanism of such 
RNAi-mediated resistance is still not fully understood since 
the level of resistance seems to be largely dependent on the 
choice of targeting gene and the length of inverted repeat 
construct (Chen et al. 2004).  In addition, individual rice 
seedling is often infected by two or more than two pathogens 
in the field.  A chimeric construct composed of more than 
two segments derived from different virus species could be 
used to generate powerful transgenic rice.  However, the 
effect of RNAi and the impact on host development were 
restricted by the size of targeting sequence or homologous 
sequences.  In general, targeting sequences with inverted 
repeats ranging 300–700 nt in length offer greater oppor-
tunities for silencing in comparison with longer insertions, 
whereas most chimeric constructs require long sequences 
(Tuschl et al. 1999; Helliwell and Waterhouse 2003).
In this study, transgenic rice lines harboring an inverted 
repeat of the full-length RSV NCP gene were obtained.  The 
RSV resistance was stably inherited in the T5 transgenic 
plants.  Besides the confirmation of the T-DNA insertion in 
host plants (T5) by molecular analysis, the expression profile 
of siRNAs before and after RSV infection in both transgen-
ic and wild type (WT) rice plants were also examined via 
small RNA (sRNA) high-throughput sequencing.  Analysis 
of siRNAs derived from the transgenic plants indicated that 
enhanced resistance to RSV in transgenic rice was associat-
ed with expression of siRNAs derived from the incorporated 
NCP gene in host plants.  In addition, siRNA distribution 
analysis showed the expression level of siRNA varies along 
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the full-length NCP sequence, implying a potential usage 
of hotspot segments for generating efficient RNAi-mediated 
transgenic plants in the future.
2. Materials and methods
2.1. Plant materials
Oryza sativa cv.  Aichiasahi was used as the WT background 
to generate transgenic plants (Zhang et al. 2013; Wang 
et al. 2015).  Zhendao 88 (Truss et al. 2005) and Wuyujing 3 
(Zhou et al. 2011) were used as resistant and susceptible 
controls respectively in the screening experiments for RSV 
resistance.
2.2. Construction of transformation vector and 
transformation
The full-length RSV NCP gene (GenBank accession no. 
NC003776) was amplified from RSV-Hefei isolate (Zhang 
et al. 2007) by PCR using the primers P1 and P2 after re-
verse transcription (Appendix A).  The sense and antisense 
strands of NCP gene were first inserted into the flanks of 
the rice intron of the vector pMCG161 with AscI/AvrII and 
SpeI/SacI respectively.  A sequence fragment of 3.4 kb 
that contained the inverted repeat construct of NCP gene 
was digested by BamHI and HindIII.  The fragment was 
then ligated with the vector pCAMBIA1301 using T4 ligase, 
resulting in the final recombinant vector, pCA1301+/–CP, 
as described in Appendix B.  The background vector 
pCA1301-161 was used as the control.  The recombinant 
vector was introduced to rice calli by Agrobacterium tume-
faciens strain EHA105 according to a published method 
(Hiei et al. 1994).  T0 generation of transgenic regenera-
tion rice plants were generated from transformed calli by 
selection of hygromycin resistance.
2.3. Screening of transgenic lines for RSV resistance
Genomic DNA was extracted from T0 plants using the Wiz-
ard Genomic DNA Purification Kit (Promega, Madison, WI, 
USA).  T-DNA construct insertion was validated by PCR 
using the specific primers (Appendix A).  The PCR-posi-
tive transgenic regeneration lines and their offspring were 
inoculated with approximately five viruliferous insects per 
seedling for 48 h at the two-leaf stage in a glass cage 
(Hajano et al. 2015).  Plants were then transferred to a 
greenhouse (14-h/10-h light/dark cycle at 25°C) for devel-
oping RSV infection symptoms.  By observing the severity 
of RSV infection symptoms, seedlings were divided into 
four classes, 0, 1, 2 and 3.  The evaluation standard was 
according to Washio et al. (1967) with the following modi-
fications: Class 0, symptomless to RSV infection; class 1, 
highly resistance to RSV infection, growth of seedling 
is good, the diseased leaves are sparsely dotted with 
yellowish white lesions, but the diseased leaves show no 
rolling; class 2, moderately susceptible to RSV infection, 
the seedling is stunted, and diseased leaves showing slight 
rolling; and class 3, highly susceptible to RSV infection, the 
seedling is severely stunted, and yellowish white stripes run 
through the leaves which roll or finally die.  The WT plants 
and mock plants were used as the negative control A (NC-
A) and B (NC-B) respectively.  The cultivar Wuyujing 3 and 
Zhendao 88 were used as susceptible and resistant control 
respectively.  Seeds of T2 to T5 generations of transgenic 
plants were generated by self-pollination.
2.4. Long-distance PCR and genome walking
The primers used for long-distance PCR (LD-PCR) and 
genome walking were listed in Appendix A.  LD-PCR re-
action was performed at 94°C for 4 min, followed by 30 
cycles of 10 s at 98°C, 15 min at 68°C and a final extension 
step at 72°C for 10 min.  Genome walking was performed 
using the Genome WalkerTM Universal Kit according to the 
manufacturer’s instructions (TaKaRa, Dalian, China).  The 
genomic DNA was digested with the DraI, EcoRV, PvuII 
and StuI, respectively.  The nested PCR primers from those 
two fragments (HPT and NOS) of T-DNA construct were 
designed to specify the flanking sequences by genome 
walking in line T4-B1 (Appendix A).  Amplified fragments 
with expected sizes were confirmed by electrophoresis 
with 1% (w/v) agarose gel.  Gel bands were purified by Gel 
Extraction Kit (Biodev-Tech, Beijing, China) and then were 
cloned into pMD18-T vector (TaKaRa, Dalian, China) for 
Sanger sequencing.  The sequence alignment was done by 
using Gramene (Jaiswal 2011).  Primers RP and LP were 
designed based on the flanking sequence of rice reference 
genome of the T-DNA insertion site (Appendix A).
2.5. Southern blotting analysis
Approximately 20 µg of genomic DNA and 0.1 µg of positive 
plasmid DNA were digested overnight with HindIII, and the 
resultant fragments were fractionated by electrophoresis 
with 1% (w/v) agarose gel.  Fragments were blotted onto 
Hybond-N+ membrane (GE Healthcare, Piscataway, NJ, 
USA) in 20× SSC overnight and then hybridized with digoxi-
genin-labelled RSV NCP cDNA probe.  Digoxigenin-labelled 
λ-HindIII digest DNA marker (TaKaRa, Dalian, China) was 
used as the molecular weight standard.
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2.6. Northern blotting analysis
Total RNA was extracted from rice leaf tissue using TRIzol 
reagent (Invitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions.  Low-molecular weight RNAs 
(0.1–0.3 kb) were separated from the total RNA samples 
and then were dissolved into deionized formamide.  Ap-
proximately 20 μg of the low-molecular weight RNAs were 
purified by 15% (w/v) denaturing polyacrylamide gel using 
PROTEAN® II xi Cel (Bio-Rad, Hercules, CA, USA).  The 
RNA fragments were blotted onto Hybond-N+ membrane us-
ing Trans-Blot SD semi-dry transfer cell (Bio-Rad, Hercules, 
CA, USA).  The α-32P-UTP-labeled specific transcript to RSV 
NCP gene was used as a probe for hybridization at 40°C 
overnight in the perfect Hyb plus hybridization buffer (Sig-
ma-Aldrich, Munich, Germany).  Radioactive signals were 
detected by Cyclone plus phosphor imager (Perkin Elmer, 
Shelton, CT, USA).  The WT and mock rice were used as the 
negative controls.  To confirm that RSV infection did cause 
the typical disease symptoms shown in seedlings, the SP 
gene expression was also tested by PCR using the primers 
SP1 and SP2 after reverse transcription (Appendix A).
2.7. sRNA sequencing, siRNAs identification and 
origin analysis
Illumina sRNA sequencing was conducted in Beijing Ge-
nomics Institute, China (BGI).  Four sets of sRNA libraries 
were prepared with Illumina Small RNA Library Kit (Illumi-
na, San Diego, CA, USA) by following the manufacturer’s 
protocol.  WT-VF and WT-V represent WT plants inoculated 
by virus-free insects and viruliferous insects.  Similarly, T4-
B1-VF and T4-B1-V represented the T5 of transgenic plants 
(969B-1-2-1-1) inoculated by virus-free insect and virulif-
erous insects.  After trimming the sequencing adapter and 
filtering out the low quality reads, the clean reads were ob-
tained for siRNA identification.  Reads ranging from 18–30 nt 
in length (99% of total clean read) were used for further 
analyses.  siRNA duplex sequence was predicted by anal-
ysis tool Tag2siRNA (Shu et al. 2012).  After normalization, 
siRNA sequences supported by at least 3 reads were further 
selected.  GSNAP (Wu and Nacu 2010) was used to map 
siRNA reads to RSV reference genome (accession no. 
in NCBI: NC-003755.1, NC-003754.1, NC-003776.1 and 
NC-003753.1) and rice genome (Osativa-193, downloaded 
from http://www.phytozome.net/) to determine the origin of 
siRNAs.  The downstream analysis of siRNA characteriza-
tion and distribution was conducted using custom scripts 
written in PERL.
3. Results
3.1. RSV resistance analysis of transgenic plants
The RNAi expression vector containing the inverted repeat 
construct of full RSV NCP gene was introduced into rice calli 
via A. tumefaciens-mediated transformation.  A total of 27 
transgenic plants from transformed calli were generated by 
selection of hygromycin resistance.  The band with  expected 
size was shown in 12 (out of 27) transgenic plants by PCR 
with specific NCP primers (Fig. 1).  
Those 12 PCR-positive T0 plants and their negative con-
trols were inoculated with RSV viruliferous insects and then 
transferred to a greenhouse for disease symptom devel-
opment.  Ten of those 12 T0 seedlings showed the disease 
symptom at 40–54 days post inoculation (dpi) whereas the 
other 2 seedlings did not display any disease symptom for 
their entire lives.  These 2 seedlings without disease symptom 
were categorized into class 0 in terms of disease severity. 
Among the aforementioned 10 seedlings, 3 with light disease 
symptoms were categorized into class 1 (Fig. 2-B) and the 
remaining 7 seedlings were categorized into class 2 or 3.  In 
contrast, all 13 seedlings of susceptible cultivar (Wuyujing 3) 
and WT plants showed severe disease symptoms at 41 and 
46 dpi as the typical chlorotic or necrotic stripes on leaves, 
were categorized into class 3 (Fig. 2-A, a1).  Severely infected 
ones wilted and finaly died (Fig. 2-A, a2).
To understand the inheritance stability of RSV resistance 
in their progenies, the T2–T5 generations of the 5 seedlings 
(lines) from classes 0 and 1 (denoted as 969A, 969B, 969C, 
969D, 969E, respectively) were inoculated with RSV virulif-
erous insects again.  The growth status of these seedlings 
to RSV infection was investigated (Appendix C and Fig. 2-C 
and D).  In T2 generation, some progeny plants were highly 
M 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 M
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Fig. 1  PCR detection of T0 generation transgenic plants.  M, DL2000 marker; 1, wild type plant; 2, mock plant (pCA1301-161); 3, 
positive plasmid (pCA1301+/–CP); 4–30, 27 of T0 transgenic plants (lines 5, 6, 8, 10, 12, 16, 18, 19, 23, 25, 27, and 29 were 12 
of positive plants for PCR). 
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resistant to RSV infection, while the others were susceptible. 
Incidence of typical RSD symptom among those 5 lines was 
3.65% (18 of 493 plants, in 969A), 6.65% (27 of 406 plants, 
in 969B), 36.36% (112 of 308 plants, in 969C), 55.56% (170 
of 306 plants, in 969D) and 48.39% (165 of 341 plants, in 
969E), respectively.  In contrast, 52.83% (28 of 53 plants, 
in NC-A), 52.78% (19 of 36 plants, in NC-B) and 76.19% 
(16 of 21 plants, in susceptible cultivar) plants showed the 
typical disease symptoms.
The homozygous lines were obtained from the lines 
969A, 969B and 969C after T3 generation and the resis-
tance was stably inherited to T5 generation (Appendix C). 
In addition, no distinct phenotype was observed between 
the T5 and WT plants (Fig. 2-D).  The T5 transgenic lines 
969A-1-13-1-2, 969A-2-8-7-3, 969B-1-2-1-1, 969B-7-2-2-2, 
969C-9-1-9-5 and 969C-10-1-3-8 were named as T4-A1, 
T4-A2, T4-B1, T4-B2, T4-C1 and T4-C2, respectively, which 
were used for further study.
3.2. Molecular analysis of transgenic plants T5 prog-
eny
To determine the integration and copy number of the T-DNA 
insertion into the rice genome, Southern blotting analysis 
was carried out for three T5 transgenic plants (T4-A1, T4-
B1 and T4-C1).  The hybridization results indicated that the 
foreign sequence was successfully integrated and stably 
inherited into the genome for all the three lines (Fig. 3-A). 
In contrast, no hybridizing band was observed in the mock 
plants.  To further understand the T-DNA insertion location in 
the transgenic plant genome, the two fragments, hygromycin 
phoshpptransferase gene (HPT) and terminator of nopaline 
synthase (NOS), were used as the reference location for 
analyzing the flanking sequences by genome walking in 
line T4-B1.  The amplification product was purified and se-
quenced.  Blast result demonstrated that the left border of 
T-DNA was inserted at position 32 158 773 of chromosome 1 
and the right border was inserted at position 32 158 787 of 
chromosome 1.  So the T-DNA structure was inserted at 
chromosome 1, substituting the rice genome fragment from 
32 158 773 to 32 158 787 nt.  The distance of the T-DNA 
insertion from the upstream gene (LOC_Os01g55840) 
is 2 630 nt and it is 6 653 nt from the downstream gene 
(LOC_Os01g55850).  The T-DNA insertion location was 
further validated by comparing the WT and transgenic plants 
by PCR using primers RP and LP (Fig. 3-B and C).
 Transgenic siRNA in T5 generation plants from the above 
3 resistant lines were detected by Northern blotting analysis. 
Two individual T5 plants were selected from all 3 lines.  The 
result indicated a significant amount of siRNAs derived 
from the inverted repeat structure were accumulated in all 
transgenic lines under both RSV-infected or non-infected 
condition.  The majority of siRNAs were in lengths of 21, 22, 
and 24 nt (Fig. 4-A, B).  In contrast, the specific RSV NCP 
gene-derived siRNAs were not detected in WT and mock 
plants (Fig. 4-A, B).
3.3. Bioinformatics analyses of small RNA-Seq data
Both RSV-infected and non-infected transgenic datasets 
(T4-B1-V and T4-B1-VF) possessed more than 10 folds of 
siRNA sequence reads than relevant WT datassets (WT-V 
and WT-VF).  The significant increase demonstrated that 
the inverted repeat construct introduced a large population 
of siRNAs in transgenic rice.  Moreover, in both WT and T4-
B1 datasets, the RSV-infected libraries (WT-V and T4-B1-V) 
possessed more siRNAs than their mock inoculated libraries 
(WT-VF and T4-B1-VF).  The total population of siRNA reads 
was increased by more than 50% after infection.
To further confirm that the specific siRNAs were derived 
from the inverted repeat construct of NCP gene, siRNA reads 
from 4 datasets were mapped to both rice and RSV genome 
reference respectively allowing no mismatch (Table 1).  No 
siRNA sequences were mapped to RSV reference genome 
in WT-VF dataset, while 131 852 (95.37%) of siRNA reads 
can be mapped to rice genome.  Those mapped siRNA 
were classified as endogenous siRNA since they were de-
rived from rice genome.  Similarly, in WT-V dataset, only 29 
(0.01%) of siRNA reads were mapped to RSV genome and 
d1 d2 d3 d4
D
c1 c2
C
b1
BA
a1 a2
Fig. 2  Photograph comparing Rice stripe virus (RSV) resistance 
of T0, T1 and T5 generation transgenic seedlings with the 
control.   A, typical disease symptoms in infected plants (a1, wild 
type (WT) plant; a2, susceptible control).  B, T0 of transgenic 
seedlings (b1 is WT plant, the others are transgenic seedlings 
categorized as class 0 or 1).  C, T2 of transgenic seedlings 
(c1, transgenic line 969B-1; c2, WT plant).  D, T5 of transgenic 
seedlings (d1, Zhendao 88; d2, transgenic line 969B-1-2-1-1; 
d3, susceptible control; d4, WT seedlings).
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283 332 (96.94%) of siRNA reads can be aligned perfectly 
with rice genome.  However, in both infected and non-in-
fected transgenic plants (T4-B1-VF and T4-B1-V dataset), 
the virus-derived siRNA reads were increased to 1 373 997 
(61.69%) and 1 781 501 (53.45%), respectively, while the 
rice-derived siRNA reads are 83 477 (3.75%) and 186 279 
(5.59%) respectively.  In addition, the abundances of different 
virus-derived siRNA species from 4 libraries were also inves-
tigated, which resulted in a similar result as the analysis of 
siRNA reads population.  The numbers of RSV-derived siR-
NA species were 1 723 and 2 407 in T4-B1-VF and T4-B1-V 
dataset, respectively.  However, in the WT-V library, only 1 
siRNA species (29 reads supported) was mapped to RSV 
genome, and no mapped siRNA was found in the WT-VF 
library (Table 2).  This may be explained by the fact that 
wild type (O. sativa cv. Aichiasahi) is highly susceptible to 
RSV infection, hence the generation of viral induced small 
interfering RNAs (vsiRNAs) was mostly inactivated.  Thus, 
our data analysis supported that the inverted repeat structure 
of NCP gene triggered virus-derived siRNAs production in 
transgenic rice.  Additionally, further analyses suggested the 
accuracy of overall siRNA production was influenced when 
siRNAs machinery was heavily used, in our case in trans-
genic plants (T4-B1 plants), by comparing the expression 
profiles of siRNAs among the 4 datasets (Guo et al. 2015).
3.4. Characterization of RSV-derived siRNAs in 
transgenic plants
Characteristic analysis on siRNA revealed that the vi-
rus-derived siRNAs were ranging 20–25 nt in length in 
both RSV-infected and non-infected transgenic plants.  In 
23.13
9.42
6.56
4.36
A
12 437 bp
B
1 2 3 4 5 6 M 1 1 2 3 M 2 1 2 3
1 534 bp
C
kb
Fig. 3  Molecular characterization of T5 generation transgenic plants.  A, Southern blotting hybridization of T5 transgenic plants 
(1, λ-HindIII digest DNA marker; 2, mock plant (pCA1301-161); 3, positive plasmid pCA1301+/–CP; 4, transgenic line T4-A1; 5, 
transgenic line T4-B1; 6, transgenic line T4-C1).  B, full length of inserted loci for exogenous fragment in transgenic line T4-B1 
(M1, λDNA/HindIII; 1 and 2, transgenic plants; 3, negative control).  C, target site sequence in WT rice (M2, DL2000; 1 and 2, 
transgenic plants; 3, negative control).
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Fig. 4  Northern blotting analysis of small interfering RNA (siRNA) in the 3 transgenic lines.  A, detection of siRNA in the rice plants 
that were inoculated by virus-free planthopper.  B, detection of siRNA in the rice plants that were infected by RSV; 5.8S rRNA, 
loading control; SP, special protein gene of RSV.
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accordance with Northern blotting result, the special siR-
NAs were predominantly 21 nt (34.90%), 22 nt (32.45%) 
and 24 nt (17.74%) in length in the infected transgenic 
plants dataset (T4-B1-V) (Fig. 5).  A similar result was 
observed from the non-infected transgenic plants dataset 
(T4-B1-VF).  In addition, analysis of the proportion of 5´ 
terminal nucleotide in siRNAs suggested an A/U prefer-
ence.  The proportion of the 5´ terminal nucleotide for A 
(32.57% in T4-B1-V, 34.59% in T4-B1-VF) or U (28.71% 
in T4-B1-V, 30.82% in T4-B1-VF) is higher than C/G in 
transgenic datasets.  Next, the distribution of specific siR-
NA species in the NCP gene was analyzed.  NCP gene 
sequence was firstly divided into four segments from 5´ 
to 3´ end, named as S1 (1 to 242 nt), S2 (243 to 484 nt), 
S3 (485 to 727 nt) and S4 (728 to 969 nt).  It seemed that 
the siRNAs were generated along the RSV NCP gene in 
an uneven pattern in both virus-infected and non-infected 
transgenic plants.  In both T4-B1-VF and T4-B1-V datasets, 
the segments with the most siRNAs were the S4 and then 
the S2 (Fig. 6).  The segment with the least siRNAs origi-
nated was S1, the 5´ terminal of RSV NCP gene (7.75% in 
T4-B1-VF and 8.27% in T4-B1-V).  This might indicate that 
the 5´ terminus of the CP gene was not efficient in produc-
ing siRNAs against viral infection than the other segments. 
Meanwhile, it was found that the total percentage of siRNAs 
derived from the 6 individual sites (beginning at 381, 383, 
599, 787, 809 and 830 nt) of NCP gene was 28.95% in 
the T4-B1-V dataset and some sites did not generate any 
siRNAs at all.  Additionally, our data analysis indicated that 
47% of NCP-derived siRNAs reads aligned with the fragment 
from 594 to 832 nt (239 nt in length) in NCP gene in the T4-
B1-V.  A similar result (45.02%) was also obtained for the 
same fragment in the T4-B1-VF dataset.  Thus, transgenic 
RNAi construct based on this fragment in NCP gene might 
have the potential to generate transgenic rice plants with 
viral resistance in a more efficient way.
4. Discussion
As one of the most important grain crops, rice supports 
Table 2  Summary of distinctive siRNA species in all four datasets
Total unique  sequence RSV-derived siRNAs Rice-derived siRNAs Unmapped siRNAs
WT-VF 4 615 0 (0.00%) 4 353 (94.32%) 262 (5.68%)
WT-V 9 637 1 (0.01%) 8 994 (93.33%) 642 (6.66%)
T4-B1-VF 8 162 1 723 (21.11%) 2 310 (28.30%) 4 129 (50.59)
T4-B1-V 15 029 2 407 (16.02%)  5 033 (33.49%) 7 589 (50.50%)
Fig. 5  Property of RSV-derived siRNA species.  A, size distribution of RSV-derived siRNA species.  B, the preference of the 5´ 
terminal nucleotide.  
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Table 1  Number of small interfering RNA (siRNA) sequence reads in 4 datasets1)
Total siRNA reads RSV-derived siRNA reads Rice-derived siRNA reads Unmapped siRNAs reads
WT-VF 138 255 0 (0.00%) 131 852 (95.37%) 6 403 (4.63%)
WT-V 292 271 29 (0.01%) 283 332 (96.94%) 8 910 (3.05%)
T4-B1-VF 2 227 143 1 373 997 (61.69%) 83 477 (3.75%) 769 669 (34.56%)
T4-B1-V 3 331 125 1 781 501 (53.48%) 186 279 (5.59%) 1 363 345 (40.93%)
1) The numbers represent the total read number of siRNAs.  The percentage of siRNA and RSV-derived siRNA in total siRNA dataset is 
calculated.  The same as in Table 2.
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nearly half of the world’s population.  However, many vi-
rus species like RSV are known to cause enormous yield 
loss of rice (Zhang et al. 2008; Mar et al. 2014; Guo et al. 
2015).  Over the last decade, the transgenic anti-viral 
rice plants have been successfully developed to control 
a variety of virus based on the strategy of RNA-mediated 
resistance (Chen et al. 2004; Bonfim et al. 2007; Ma et al. 
2011; Shimizu et al. 2011; Park et al. 2012; Zhang et al. 
2013).  Our research employed small RNA-Seq to study 
the association between siRNAs and viral resistance, 
aiming to further develop an efficient method to control rice 
virus infection.  Three independent transgenic lines (969A, 
969B and 969C) harboring the inverted repeat construct 
from the full RSV NCP gene were generated, all of which 
exhibit heritable characteristics of high resistance to RSV 
infection.  During the screening process, the resistance 
becomes stable especially after T3 generation, implying that 
more generations should be allowed to avoid false positive 
resistance before obtaining stable resistant transgenic lines. 
For many cases, T-DNA insertion resulted in a loss of gene 
expression if the T-DNA structure was inserted into a typical 
gene or regulatory element of a gene and thus interrupted 
the transcriptional process.  To exclude the possibility of 
affecting other genetics elements, the precise location of 
the single copy T-DNA insertion in one of the transgenic 
lines (969B) was determined.  Rice genome annotation 
information further revealed that the T-DNA structure was 
inserted into non-functional region, hence resulting in no 
phenotype changes (Fig. 2-C).
To further explore the role of RSV NCP derived siRNAs in 
the defense process of RSV, our research is the first study 
that explores siRNA biogenesis in transgenic rice plants 
with RNA-mediated resistance using high-throughput se-
quencing technology.  Data analysis revealed that the siRNA 
population was greatly increased by more than 10 times 
in transgenic plants and most of the virus-derived siRNAs 
were generated from the inverted repeat structure of RSV 
NCP gene.  In addition, the total reads of siRNA increased in 
both WT and T4-B1 plants after infection.  This result was in 
accordance with the previous report (Kalantidis et al. 2002) 
stating that virus infection will introduce siRNA production 
derived from virus, which is an RNA-guided gene regulatory 
mechanism operating in eukaryotic organisms.  In addition, 
it has been reported that the 5´ terminal nucleotide is tightly 
correlated with the usage of distinct AGO complexes (Mi 
et al. 2008; Yan et al. 2010).  In our datasets, the first 5´ 
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Fig. 6  Distribution of RSV-derived siRNAs on RSV nucleocapsid protein (NCP) gene.  A, distribution of RSV-derived siRNA total 
reads on RSV NCP gene.  B, distribution of RSV-derived siRNA species on RSV NCP gene.  C, distribution of RSV-derived siRNA 
read counts along the RSV NCP gene. 
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terminal nucleotide of small RNAs showed a slight A/U bias 
in siRNAs population: the proportion was 61.3% (T4-B1-V) 
and 65.4% (T4-B1-VF), compared to the A/U nucleotides 
composition (53.7%) in RSV NCP gene.  This result is con-
sistent with plant endogenous siRNA and miRNA in which 
the A/U preference at the first nucleotide was demonstrat-
ed.  Proteins AGO2 and AGO4 are preferentially recruited 
sRNAs with a 5´ terminal nucleotide for A, whereas AGO1 
predominantly favor a 5´ terminal nucleotide for U (Takeda 
et al. 2008; Yan et al. 2010).  AGO1 and AGO2 favor the 
21 or 22 nt sRNAs, while AGO4 and AGO5 favor 24 nt 
sRNAs (Wu et al. 2009).  The result of the first 5´ terminal 
nucleotide and siRNA length distribution suggested that the 
generation of RSV NCP derived siRNAs was carried out 
by a combination of AGO complexes in transgenic plants. 
Interestingly, unlike plant siRNAs, the preference of mam-
malian siRNAs presents a strong preference for G/C at the 
5´ most nucleotide (Rajeswaran et al. 2012).  The reason 
for this divergence on first nucleotide preference between 
animals and plants is not yet clear, but may be related to 
the usage of AGO proteins
To acquire the optimal engineered RNAi construct, the 
selection of targeting sequence and target site from virus 
genome for RNAi is vital.  Shimizu et al. (2011) had report-
ed that inverted repeat constructs of different RSV-coding 
genes conferred distinct degrees of resistance to RSV in-
fection (Shimizu et al. 2011).  The inverted repeat construct 
based on NPC or the movement protein exhibited immunity 
to RSV infection while the other two coding genes (PC2 and 
P4) exhibited nearly no resistance, indicating a necessity 
to target functionally essential genes in viral proliferation. 
In addition, the length of targeting gene might play an im-
portant role as well.  When Cucumber mosaic virus (CMV) 
RNA2-derived full sequence (NCP gene) is regarded as a 
targeting sequence, the transgenic lines showed an extreme 
resistance to CMV, while weak resistance was observed 
in transgenic lines in which RNAi was aimed at the partial 
RNA2 gene of CMV (Chen et al. 2004).  An individual rice 
seedling is often infected by two or more than two pathogens 
in a field.  So a chimeric construct composed of more than 
two segments derived from different virus species could be 
used to generate powerful transgenic rice.  However, the 
effect of RNAi and the impact on host development were 
restricted by the size of targeting sequence or homologous 
sequences.  In general, targeting sequences with inverted 
repeats ranging 300–700 nt in length offer greater oppor-
tunities for silencing in comparison with longer insertions 
whereas most chimeric constructs require long sequences 
(Tuschl et al. 1999; Helliwell and Waterhouse 2003).  By 
searching the hotspot regions of siRNA generation, a 
segment spanning less than 1/4 of NCP sequence possess-
es 47% of virus-derived siRNA reads in the T4-B1-V library 
and 45.02% in T4-B1-VF library.  However, the reason of 
the special hotspot region from the NCP gene remains 
unknown, which might be related with the binding sites 
preference for those DICER-like proteins.  This hotspot 
region from NCP gene might be enough for RNAi produc-
tion (hence save construct length) and can be utilized to 
build compacted chimeric constructs that contain multiple 
virus genes to offer versatile and strong viral resistance 
in transgenic plants.
5. Conclusion
Three independent RSV-resistant transgenic rice lines were 
generated by introducing an inverted repeat construct that 
targets RSV nucleocapsid protein gene in this research. 
Stable integration of the T-DNA fragment and the expres-
sion of siRNAs were confirmed by Southern blotting and 
Northern blotting analysis for all three lines, which have 
validated a connection between the presence of the RSV 
NCP homologous siRNAs and the RSV resistance in those 
transgenic rice lines.  In one of these transgenic lines (T4-
B1), the T-DNA fragment was found to have been inserted 
at chromosome 1 of the rice genome.  The bioinformatics 
analysis of high-throughput sequencing data further sup-
ports the correlation between the viral resistance and the 
siRNAs.  Moreover, hotspot regions are found along the NCP 
gene template, indicating the potential to build compacted 
chimeric constructs that may contain fragments from multiple 
virus genes for providing versatile and strong viral resistance 
in transgenic plants in the future.
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